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Differential cross sections of the (p, n) reactions have been measured as a function of angle
at several proton energies from 2.6 to 5.9 MeV. Neutron groups corresponding to the ground
and 21 excited levels have been observed, and excitation energies fixed to within +5 keV in
these measurements. The good agreement between the measured cross sections and those
calculated in the Wolfenstein-Hauser-Feshbach (WHF) formalism for levels of known spin
and the agreement between measured and calculated neutron angular distributions permitted
tentative assignments to many levels of unknown spin. Angular distributions of the (p, ny)
transitions were measured at 4.9-MeV proton energy, with transitions from 19 excited levels
observed. A decay scheme and excitation energies with +2-keV uncertainty were obtained
from the y-ray measurements. Analysis of the angular distributions in the WHF formalism
together with the neutron measurements provided the following excitation energies in keV and
spin assignments: 2272, 2, 2, 2405, 2, 2571, (2); 2685, 2, 2949, 2, 3004, (2, 2}; 3199, 2, 2,
$; 3248, (f). Tentative assignments are in parentheses.

The level and decay schemes are in good agreement with mixed-configuration shell-model
calculations for the first levels of a given spin. For higher levels the comparison of calcula-
ted and measured schemes suggests an inadequate model space in those calculations which al-
low only one proton excited out of the f,i2 shell.

INTRODUCTION

The 53Cr(p, n)"Mn and the "Cr(p, ny)ssMn reac-
tions have been studied to obtain new spectroscopic
information on the residual nucleus. The "Mn nu-
cleus is of special interest because its 28 neutrons
form a closed shell. It has 25 protons. Early
shell-model calculations by McCullen, Bayman,
and Kashy' have agreed well with experiment on
the energies of low-lying levels of "Mn. However,
those calculations predict only six energy levels
in "Mn while experimental investigators have re-
ported over 30 levels. McCullen, Bayman, and
Kashy assumed the 5 protons outside the closed
shell of 20 protons to be in the lf, I2 shell in which
8 protons are allowed. Recently, Lips and. Mc-
Ellistrem' have included configurations in which
one proton is excited out of that shell in effective-
interaction calculations. These have improved the
agreement between the, predicted and measured ex-
citation energies of the low-lying levels and have,
of course, yielded many more calculated levels.

Investigators have studied several nuclear reac-
tions in order to measure the properties of the ex-
cited levels of "Mn. Through studies of the "Cr-
('He, d)"Mn reactions, three different investiga-
tors' ' have measured many excitation energies
and parities. Two studies@ ' of the "Cr(P, y)"Mn
reaction have permitted excitation-energy mea-
surements and spin assignments. The "Cr(p, ay)-' Mn reaction study by McEllistrem, Jones, and

Sheppard' has been very successful in measuring
the low-lying excitation energies and in assigning
unique spins to three of the levels. The 5aCr(n, t)
"Mn, ' '4Fe(d, 'He)"Mn, ~' and "Cr(o., Py)"Mn" re-
action studies have also given information on the
spins and excitation energies of the low-lying
states. A previous 'sCr(P, n)"Mn study was done
by Elwyn et al. to measure excitation energies of
low-lying states. Brown, Warren, and Middleton
(BWM)" have reported a large number of energy
levels below the excitation energy of 4 MeV fr.om
the study of the "Fe(P, n)'SMn reactions. Most
recently, a high-resolution, high-sensitivity set
of measurements" of the neutron-energy spectra
from the "Cr(p, n)"Mn reactions have been made
using time-of-flight neutron detection. This exper-
iment illustrated the use of this method of deter-
mining level schemes, but was not designed to mea-
sure absolute cross sections or angular distribu-
tions.

The several experiments cited leave the level
scheme of ' Mn defined with confidence through an
excitation energy of 3.2 MeV. The spins and life-
times of the first four excited levels and the
'branching ratios and multipole mixing ratios of
transitions from them are all rather well known,
and in good agreement with expectations of mixed-
configuration shell-model calculations. '

However, more work on "Mn and other nuclei
is needed in order to present a proper test of the
adequacy of the shell-model interpretation. It is
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really necessary to reach an excitation energy of
2.5-3.0 MeV to test for the presence of admixed
particle configurations which small-space shell-
model calculations would miss. The lowest five
levels in "Mn, which have been studied extensive-
ly, lie below 1.62-MeV excitation energy.

There were other interesting questions to stimu-
late the study of the "Cr(p, n)"Mn reactions. The
Wolfenstein-Hauser-Feshbach" (WHF) statistical
model has been shown to give a valid picture of
(P, n) cross sections on nuclei near mass 90 by
Kim and Robinson" and Dutt and Gabbard. " The
only previous statistical-model analysis of a (p, n)
reaction in the mass-50 region was the "V(P, n)-

Cr study by Egan et al. In their study of the
58Cr(p, ny) "Mn reactions, McEllistrem, Jones,
and Sheppard' measured y-ray angular distribu-
tions and (p, n) cross-section ratios and used both
in an analysis which yielded several unique spin
assignments and properties of the transitions.
However, they did not measure absolute cross sec-
tions, a severe test of the adequacy of the WHF
model.

The present work includes measurements of
total neutron-production cross sections as a func-
tion of proton energy, of differential cross sections
as a function of angle and proton energy, and of
y-ray angular distributions and branching ratios.
From the neutron data we confirm the level scheme
of Tanaka et al. and of other workers ." From
the neutron excitation functions and the absolute
cross sections to levels of known spin, we are

able to confirm the validity of the WHF model at
high proton energies and away from resonances.
The neutron and y-cay angular distributions are
the basis for several spin assignments, and the
y-ray data yield a decay scheme, including branch-
ing ratios and some mixing ratios for mixed-multi-
pole transitions.

The approach taken for the WHF analysis of the
neutron cross sections was to search for a proton
energy region free of any large cross-section
fluctuations, to measure several angular distribu-
tions in that region, and to average the angular dis-
tributions. The applicability of the model was
checked by comparing the cross-section magni-
tudes and angular-distribution shapes with statis-
tical-model calculations for neutrons leaving Mn
in the first five energy levels which had been well
established both in excitation energy and in spin
assignment.

EXPERIMENTAL PROCEDURE

The 53Cr(P, n)"Mn reactions were studied using
a Hanson and McKibben long counter" and a proton-
recoil scintillator with time-of-flight techniques
for neutron detection. The long-counter yields in-
cluded neutron groups to all energetically allowed
final levels and were obtained for proton excita-
tion functions at 20 and 110'. The 20' yields cov-
ered the proton energy range from 2.4 to 5.9 MeV
and the 110 yields were measured from 2.4 to 4.4
MeV.
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FIG. 1. Time-of-flight spectrum of neutrons corresponding to the ground and first 10 excited states of 53Mn. For the
correspondence between group number and level excitation energy, see Table I.
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The time-of-flight measurements employed' ~ -in.-
and 2-in. -thick by 4-in. -diam liquid scintillators.
These measurements were designed to separate
the neutron groups to different final levels. The
proton beam was pulsed at the terminal of the 5.5-
MeV accelerator to pulses of 7-10-nsec width at a
repetition rate of 2 MHz and bunched after accel-
eration to pulses of &1-nsec width. The time-of-
flight methods were generally very similar to those
of Egan et al.'

Targets of Cr,O, were evaporated onto thin alum-
inum foils and 15-mil-thick tantalum disks. The
targets on thin foil backings were used in a scat-
tering chamber to obtain yields of protons elasti-
cally scattered from "Cr as a function of scatter-
ing angle and at low proton energies. Since the
measured angular dependence was that of Coulomb
scattering, the target thickness was ascertained
from the scattering yields assuming the Coulomb-
scattering cross sections. The thicknesses of the
targets on Ta disks were then determined by com-
paring yields of neutrons from them with those
from the Al-backed targets, using the long counter
to measure the neutron yields from both targets.
Two thicknesses of Cr,O, targets were prepared,
34 and 345 gg/cmm. The targets were 1.5 and 15
keV thick, respectively, to 5-MeV incident protons.
The 1.5-keV target was used for good precision in
the time-of-flight neutron-energy measurements,
to be discussed below. The 15-keV target was
used for neutron angular-distribution measure-
ments.

The y-ray angular distributions were measured

with a shielded 35-cm' Ge(Li) detector mounted on

a rotatable carriage whose axis of rotation passed
through the center of the target. Target-to-detec-
tor distance was set at 60 cm and the measure-
ments were completed using pulsed-beam time-of-
flight techniques often used in this laboratory in
connection with (n, n'y) reaction studies. " The
measurements were taken for nine angles between
15 and 145 with respect to the incident proton
beam and at an incident energy of 4.9 MeV. The
345-p. g/cm' target was used for these data and the
yields were corrected for absorption in the target
backing and other material between target and de-
tector at backward angles. The yields were also
corrected for deadtime and y-ray detection effi-
ciency. The corrected angular distributions were
least-squares-fitted to the form

W(8) =4, [I+a,P,(cos 8) +a,P~(cos 8)] .

RESULTS AND ANALYSIS

A. Excitation Energies

The excitation energies of "Mn were determined
through the measurement of flight times of neutrons
from the "Cr(P, n)"Mn reactions and from the
measurement of y-ray energies from the "Cr-
(P, ny) "Mn reactions. Individual neutron groups
were studied in time spectra for different flight
distances, different incident proton energies, and
different scattering angles. A thin target, a bunched
proton pulse &1 nsec wide, a thin scintillator, and
a constant fraction pulse-height trigger" on the
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anode pulse from the photomultiplier tube of the
neutron detector were important factors in neu-
tron-group time resolution. Good resolution per-
mitted a short neutron flight distance so that one
time spectrum with good counting statistics on
many neutron groups could be measured in a rea-
sonably short running time. Typical time spectra
are shown in Figs. 1 and 2.

The time-of-flight system was calibrated in
time by using four energy levels in "Mn that had
previously been determined with uncextainties
equal to or less than 2 keV. The energy levels
are the ground state, the 1619.1+0.3-keV level, '
the 2571+ 2-keV level, and the 3095+ 2-keV level.
The latter two energies are from the present
(p sy) determlnatlons, The grollnd-stRte Q value
for the present reaction had been previously mea-
sured' to be 1380.4+ 1.6 keV. The energies of the
incident protons were calibrated in reference to
tile Ulreshold of tile Li(p, B}Be 1'6Rctio11 Rt 1881.4
+ 0.1 keV. '4 The flight times over measured dis-
tances for neutrons leaving "Mn in the above four
energy levels were calculated from the above infor-
mation. The time per channel was calculated be-
tween each successive pair of groups to the above
energy levels assuming system linearity between
each pair.

The flight time of each neutron group was deter-
mined from its channel position and the calibration
of the system. Since there was some overlapping
among neutron groups in the time spectra, the
Tepel" method for unfolding overlapping peaks
was employed in order to determine the centroid
of each neutron group accurately. A time syec-
'tl'11111 fro111 tile T(p, tl) He 1'6RC'tlo11 wRS used Rs R

reference peak to fit the shape of each overlapping
peak. The backgrounds in the time spectra were
fitted with parabolas; and the height, width, and
position of the peaks were varied until a good fit
to the entire time spectrum of the reaction under
study was obtained. The energy of an unknown

neutron group was calculated from its determined
flight time, and the Q value of the corresponding
excited state of '3Mn was calculated from the neu-
tron-grouy energy and the incident proton energy.
The excitation energy of the observed state was
then calculated as the ground-state Q value minus
the excited-state Q value. The estimated error in
the excitation-energy determinations is +5 keV.
Neutrons leaving "Mn in the ground state and 21 ex-
cited states were observed.

y rays from 19 excited levels of "Mn were ob-
served. All but five of these decay to ground and
most of them were found to decay also to one or
more of the first few excited levels. The energies
of the y rays were determined by using as internal
calibration lines the 564.1-keV line of "Cr and the

53Mn lines at 910.8, 1288.4, and 1619.1 keV. These
energies were measured by McEllistrem, Jones,
and Sheppard' and have uncertainties of +0.3 keV.

The present work verifies all states reported by
BWM" in their studies of the "Fe(p, a}ssMn reac-
tions and by Tanaka eI' aI. in their measurements
of neutron energies from the "Cr(p, n} reactions. '
In fact all levels observed in the present study were
repox ted in Ref. 14 and good agreement exists be-
tween the present energy measurements and their
measurements. A doublet was reported near 2689
keV by BWM'3 and others. ' The level scheme
determined in the present work is that implied
by the neutron spectra of Figs. 1 and 2. The neu-
tron groups to the different excited levels of "Mn
are indicated by group numbers in these spectra,
and the correspondence between group number
and residual level excitation energy is given in
Table I. In the present work, three states were
observed with excitation energies near 2669, 268V,
and 2705 keV. The corresponding neutron groups
are shown in Fig. 1 and are labeled N„n„and
n„. The energy levels near 2913 and 3190 keV re-
ported in the present work are confirrnations of
levels reported by Vuister. 7 The neutron group
corresponding to the 2913-keV level is shown in
Fig. 2 and is labeled n». The present work ob-
served two states with excitation energies of 3095
and 3124 keV which correspond to the neutron
groups labeled n» and n„ in Fig. 2. BWM'3 and
othex' investigators reported only one state, with
an excitation energy of 3109 keV. For states that
have excitation energies above 3124 keV there is
good agreement between the present work and the
work of BWM '3 In the excitation-energy range
from 3150 to 3600 keV, investigators of the '3Cr-
('He, d)"Mn reactions reported only a state near
3496 keV which is confirmed in the present work.
Five neutron groups corresponding to states in
that energy region are observed and labeled I»
through n», but are not shown in Figs. 1 and 2.

Several criteria have been used in the pxesent
work to decide if a neutron peak in the time spec-
trum belongs to 'SMn. A neutron group could be
distinguished from g rays by observation of the
time spectrum at different flight distances for a
constant incident proton energy. Since the y rays
travel at the speed of light, their channel positions
will change only 3.33 nsec for. a change in flight
distance of 1 m, whereas the much slower neutrons
will change more rapidly in their channel positions.
Impuxities of isotopes other than '3Cr in the target
were looked for in the elastic scattering of protons
from a target on a thin carbon backing. The pulse-
height spectrum showed contaminants of oxygen and
an isotope of high atomic number. The 1.atter im-
purity is thought to be tantalum, since the Cr,O,
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TABLE I. Excitation energies (E„), y-ray energies
(E ), and branching ratios for the decay of levels of Mn.
The second column presents the designation of the neu-
tron group to the indicated level, as used in Figs. 1, 2,
5, and 6.

Group
No.

Ey
(keV)

Branching ratios
Present (Ref. 8)

378

1288.5

1440

1619

nf

n2

n4

1288.5
910.5

1440

1619
1241

100

60 +1
40 +1

100

89 +1
11 +1

100

57 +1
43+ 1

100

89+1
11+1

was evaporated from a tantalum boat, and the boil-
ing points of the two materials are close. However,
such a high-Z material has a low (P, n) cross sec-
tion because of a high Coulomb barrier at energies
used in the present work. This work was done at
lower proton energies than the threshold of the
"0(p,n)"F reaction. Neutron groups were ob-
served at different incident proton energies and
checked for any shift in energy relative to the en-
ergy of the ground-state neutrons which would

characterize neutrons corresponding to a residual
nucleus different from that of "Mn.

B. Cross Sections

The experimental total neutron-production cross
sections were compared with calculations of the
absorption cross section for a complex potential.
Transmission coefficients were calculated for the
potential using a computer code written by Smith. 26

The code was modified to give directly the absorp-
tion cross section.

The comparison between the (p, n) experimental
data and the theoretical calculations, the smooth
curve, is shown in Figs. 3 and 4. The optical-
model parameters of Rosen, "which are shown in
Table II, were used. This calculation actually pre-
dicts the sum of all reaction-product cross sec-
tions, but neutrons dominate in the proton energy
range shown. Calculations with the WHF statisti-
cal model predict that neutrons account for the
following percentages of the total reaction cross
section at the incident proton energies cited: &4%
at 8.0 MeV, 85'%%uo at 4.5 MeV, and 80% at 6.0 MeV
The error bars shown in Fig. 4 are relative errors
of +10%%uo, absolute errors are estimated to be +20%.
The curves plotted in Figs. 3 and 4 should reflect
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the fact that the (p, n) cross sections do not ex-
haust the total reaction cross section, as indicated
by the cross-section percentages given above.
Corrections for this' have not been made, however,
because the measured cross sections have uncer-
tainties at least as large as the indicated correc-
tions. The corrections would have to depend on
the WHF or other model, and be somewhat uncer-
tain for this reason. The curves in Figs. 3 and 4
are the calculated total reaction cross sections
which depend only on the Rosen potential. The
measured total cross sections shown are actually
inferred from large-angular -spread measurements
at two angles. The energy averages of the two sets
of measured values are the same, as is apparent
in Fig. 3, and this illustrates the approximate isot-
ropy of the (p, n) cross sections when the measure-
ments include all outgoing neutron groups. The
agreement between measured and calculated cross
sections is quite impressive, since parameter ad-
justments to modify the potential to fit the present
data were not made.

Angular distributions of neutrons leaving "Mn
in different energy levels were measured in three
different incident-proton-energy regions. The mea-

surements were done in regions free of any large
cross-section fluctuations and were energy aver-
aged by measuring several angular distributions
in incident-proton-energy steps equal to the tar-
get thickness and then averaging the different an-
gular distributions. The three mean proton ener-
gies represent energy averages of 30, 45, and 70
keV, respectively. Overlapping peaks were unfold-
ed by the Tepel method as described previously.
Results at the highest proton energy are shown in
Figs. 5 and 6. The (p, n) cross sections are thus
obtained from tmo independent sets of measure-
ments, one set measured with a long counter which
had been calibrated with standard neutron sources
and the other set measured with time-of-flight neu-
tron detection using a liquid scintillation proton-
recoil detector. The two sets of measurements
agreed to within 15%.

Calculations of the differential cross sections
were made in the WHF formalism and are shown
with the data in Figs. 5 and 6. Several different
sets of published optical-model parameters were
tried, " ' and the effect of parameter variation on
the magnitude and shape of the angular distribu-
tions was observed. The shapes mere essentially
independent of parameter changes, but the magni-
tudes show considerable dependence upon the po-
tential parameters.

As noted above, Rosen" proton and neutron pa-
rameters gave closest agreement tp the data at all
three incident proton energies and are used for the
curves shown in the figures. The neutron param-
eters of Chung et al."substituted for the Rosen
neutron parameters gave the same results as those
in Figs. 5 and 6 to within +4@. The parameter sets
and the optical-model potentials used in the pres-
ent calculations are given in Table II. VE~(r) is
the Coulomb potential. In the wprk pf Egan etaI, .
on the '~V(p, n)"Cr reaction, the success of the
statistical model was shown to improve in increas-
ing the incident proton energy from 4 to 5 MeV.
This case is similar. At the proton energy of
5.724 MeV there is good agreement between the
measured data and the theoretical calculations.

At 5.724 MeV there is agreement between the
measured and the theoretical cross sections for
the ground state at all angles greater than 30' to
within the experimental error in the absolute cross
section, which is twice the relative error shown.
The good agreement with the statistical model for
the ground and first four excited levels, for which
the spins are known, ' suggests that the require-
ments of the statistical model are satisfied in this
energy region so that properties of the higher ex-
cited states can be investigated by use of this re-
action model. Such an investigation led to the re-
sults plotted with the higher excited states. The
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results are discussed below. Figures 5 and 6
show calculations with the Rosen parameters for
states of known spin and then several calculations
assuming different spins for states where the spin
is unknown or where there is uncertainty. It is
important to point out that there is no normaliza-
tion of the theoretical calculations to any of the ex-
perimental data. The experimental data have an
absolute error of +15' and relative errors of 7.5
to 9%.

C. p-Ray Results

The identification of the "Mn transitions from
the (P, ny) reactions was made for most lines by
observing them in coincidence. with neutrons. The
Ge(Li) detector and a 5-cmx 5-cm li|luid scintil-
lation proton-recoil detector were both mounted
at 90 to the beam direction and at 90' from each
other with respect to the target. Almost all of the
transitions reported here with energies below 2V50
keV were identified in this way. The positions of
the transitions in the level scheme were fixed by
measuring y-ray yields as a function of incident
proton energy and observing thresholds for the pro-
duction of the transitions. Some threshold deter-
minations and their use are illustrated' in the ear-
lier (P, ny) study.

The y-ray angular distributions from the (P, np)
reactions, with neutrons unobserved, provide a
nearly reaction-independent test of the spins of the
emitting levels and the multipolarity of the transi-
tions. The y-ray anisotropies are almost com-
pletely independent of the mechanism of reactions
populating the states and have, in fact, been used
in two experiments" to obtain several spin assign-
ments and multipole-mixing ratios for levels and
transitions in '3Mn. As noted in an earlier section,
transitions from 19 levels were observed in this

work, and most of these were observed to decay
to two or more levels. Angular distributions were
measured between 15 and 3.45 and corrected for
counting losses caused by dead time, for absorp-
tion in the target and surrounding materials, and
for the efficiency of the Ge(Li) detector. From the
corrected distributions we obtained branching ra-
tios for the decay of excited levels, aud these are
given with the excitation and transition energies
in Table I. A few of the ratios duplicate measure-
ments of Ref. 8, and the agreement between the
two sets of measurements is excellent.

The angular distributions have been fitted to an
expansion in Legendre polynomials using the least-
squares procedure, and fits are shown with the
measured distributions in Figs. 'T and 8 as solid
curves. Table III presents the anisotropy coeffi-
cients, a, and a4. Since the first excited level is
heavily fed by cascade y rays, it would be neces-
sary to correct the angular distributions of the 378-
keV line for these cascades in order to have an
anisotropy which would yield information about the
378-keV transition. Since this line has been stud-
ied without cascades present, ' the uncertain cas-
cade corrections- to the present data were not
made.

The distributions were analyzed in the WHF for-
malism as in Ref. 8, with transmission coefficients
obtained from appropriate complex potentials for
the proton and neutron Channels. The proton poten-
tial parameters were the Rosen parameters" al-
ready mentioned and the neutron parameters were
those of Chung et al." Other choices for proton
potentials were also tested, but the results were
not appreciably altered by different choices of po-
tentials. The calculated angular distributions de-
pend on assumed values of spins for the emitting
levels and on the mixing ratios 5 for those tran-
sitions which admit multipolarity mixtures. The

TABLE II. Form of optical-model potential and parameters used in calculations of transmission coefficients,

Parameter

Hosen
Protons

(7—22 MeV)
Neutrons

(0.2-24 MeV)

Percy
Protons

(9—22 MeV)

Percy and Buck
Neutrons
(1-25 MeV)

Chung et al.
Neutrons

(0.5—2.0 MeV)

V(Me V)

g (MeV)
Z (F)

a (F)
b (F)
y, (Mev)

53.8-0.33E

7.5

0.65
0.70
5.5

49.3-0.33E

5.75

0.65
0.70
5.5

53.3-0.55E
Z N-Z

+0 4 f]3 + 27'
A.

13.5

0.65
0.47
7.5

48-0.29E

9.6
1.27&'~'

0.66
0.47
7.2

2.5+E

+0.60
0.65
0.50
7.0
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procedure followed was to vary 6 to obtain a best
fit of the theoretical calculation to the measured
distributions, using the usual Q' criterion' to de-
fine goodness of fit. Results are given below, for
each level, of the combined analysis of the neutron
angular distributions, (p, n) cross sections, and
y-ray angular distributions.

ZZ72-ke V level. The spin of this level was un-
known. The fact that several studies' ' of the "Cr-
('He, d)"Mn reaction did not report this level sug-
gests that it may have high spin, since these single-
nucleon-transfer reactions also missed the & and

& levels at 1440 and 1619keV. In the present
analysis, all possible spins were considered in the
WHF calculations, but only three gave neutron dif-
ferential cross sections close to those observed for
the n, group shown in Fig. 5. The generally good
agreement between measured and calculated cross
sections in Fig. 5 and the fact that a & assignment
gives values low by almost a factor of 2 argues
against that assignment. The analysis of the y-ray
transition to the ground state would admit any spin
between ~ and ~, but the fit to the 1894-keV cas-
cade to the first excited state permits only ~ or ~,

with ~7 favored. This evident in the Q, or good-
ness of fit, plot shown in Fig. 9 for the 1894-keV
transition. The theoretical curves for both & and

~ are shown in Fig. 7 together with the measured
angular distribution. The & curve is indistinguish-
able from the least-squares fit. The M1, E2 mix-
ing ratios of the transition for a ~5 or ~ assignment
are listed in Table III. The mixing ratio 5 is de-
fined to be 5-=(I L+ i1) /(161), with the phase con-
vention of Rose and Brink." Recent work by
Szoghy, Cujec, and Dayras" results in a ~ assign-
ment to the lev l.

2405-ke V level. This level is strongly excited
in stripping+ ' and pickup" reaction studies as an
/=1 transition, and is presumed to be ~3, with a
substantial fraction of the 2p,~, single-particle
strength. The only possible spins are ~ and ~,
and the neutron cross sections, n, of Fig. 5, strong-
ly favor ~ . The fact that three y rays from the
level are approximately isotropic is consistent
with either a & or & assignment.

2571-ke V level. This is another level not ob-
served in the previously cited single-nucleon-
transfer studies, so it also probably has J~ ~.
The anisotropy of the 2571-keV transition is con-
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FIG. 5. WHF statistical-model calculations compared
with the angular distributions of neutrons corresponding.
to the ground and first seven excited states of 53Mn. For
the correspondence between group number and level ex-
citation energy, see Table I.

FIG. 6. Angular distributions of neutrons correspond-
ing to the 8th through 17th excited states of 53Mn. WHF
statistical-model calculations are compared with the an-
gular distributions of neutrons corresponding to the 14th
excited state of 3Mn. For the correspondence between
group number and level excitation energy, see Table I.
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sistent with spins ~- ~, but that of the 2194-keV
cascade to %e first excited level admits only ~
or &. The neutron cross sections for the n, group
in Fig. 5 discriminate against the ~ assignment by
almost a factor of 2. The fits to the 2194-keV y-
ray transition also favor ~ rather than ~. Thus
the spin must be ~ or ~, with & the most probable
assignment. For this assignment, the M1, E2 mix-
ing ratios are listed in Table III.

The triplet of states observed in this experiment
at 2669, 2685, and 2705 keV were not resolved in
the (P, n) data at 5.724-MeV proton energy. . An-

gular distributions were obtained for y rays from
the 2669- and 2685-keV levels. Two of the states
were excited in single-nucleon-transfer reac-
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tions, ' ' and they have been assigned as ~ and ~
levels in two separate experiments. &'

2669-ke V /eeel. Two y-ray transitions from
this level were observed with energies of 1381 and
2291 keV. The stronger line at 1381 keV is isotrop-
ic, which is quite consistent with the proposed &
assignment for this level, as are the facts that the
dominant decay mode is to the ~3 level and no de-
cay is observed to the ground state.

2685-ke V /evel. This level decays by ground-
state and first-excited-level transitions, both of
which were analyzed in the WHF formalism. As
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FIG. 7. Angular distributions of y rays. Solid curves
are least-squares fits to the data. Dashed cue for the
1894-keV transition represents WHF theoretical calcula-
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FIG. 8. Angular distributions of y rays. Solid curves
are least-squares Qts to the data. Dashed curve for the
3248-keV transition is the best H& fit to the data.
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TABLE III. Mixing ratios (5 and coefficients of least-squares fits to 9 (8) =A&tl+a2P2(cos8) +a &Pz(cosg) t, for various

y rays. E; is the energy of the level emitting the y rays, J& and J& are the spins of the initial and final levels of the
transition.
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in several other cases, spin assignments —,'-~
provided reasonable fits to the ground-state tran-
sition. As is apparent in Fig. 9, however, all
spins other than ~7 are completely ruled out by
the 2307-keV transition to the first excited le'vel.
The assignment ~ is definite for that level. Be-
yond this excitation energy the neutron-detection
data, shown in Fig. 6, cannot be used to discrim-
inate between spin assignments to levels.

2949-ke V level. This' is the next level for which
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FIG. g. Goodness-of-fit criterion, Q2, vs 5 for y rays
deexciting two levels of 53Mn. The WHF calculations fit
the data best at minimum values of Q, providing a meth-
od of determ~~&~g 6.

a useful y-ray angular distribution has been ob-
tained, and is only one of three transitions to show
a large a, coeffscient, as indicated in Table III.
As pointed out in earlier work, ' this is a unique
signature of a ~9- ~ transition, and the Q' calcu-
lations show that only a ~ assignment comes even
remotely close to representing the data. Another
transition with large a4 is the 1619.1-keV ground-
state transition from the first ~ level. Both ~
levels decay predominantly to the ground state.

~09~-ke V level. This level decays to ground,
the first excited & level, and the & level at 1619
keV. The latter two transitions are nearly isotrop-
ic, and all three can be fitted with any spin from
5 11r

3199-keV level. Decay is observed to the ground
and first excited levels. The anisotropy of the line
to the ground state can be fitted with any J assign-
ment between ~ and ~ for this level.

8848-ke V level. This is the third level which
decays predominantly to the ground state and whose
decay transition is best fitted with a large a4 coeffi-
cient. Unfortunately the relative uncertainties of
the angular-distribution measurements are not as
small as those for the 1619.1- and 2949-keV tran-
sitions. Thus although a & assignment provides
thy only good fit to the 3248-keV line, a ~7 assign-
ment does have about 10%%uo probability of being cor-
rect; it cannot be completely eliminated. A ten-
tative assignment of ~ is made to the level.

Other levels and transitions. A single transition
of 1417 keV is observed to deexcite the level iden-
tified in the (p, n) neutron spectra at 2V05 keg.
Isotropic cascades are also observed from levels
identified in the (p, n) neutron spectra at 2914 and
-3124 keV. Since these levels do not decay directly
to the ground state and have isotropic transitions
to a ~3 level, they probably have spins &~7. The
3004-keV level has been assigned as ~3 by Newman
and Hiebert. " The neutron differential cross sec-
tions, n,4 in Fig. 6, and the 2626-keV cascade to
the first excited level are well represented by that
assignment.

The level and decay schemes for "Mn resulting
from this and earlier work are shown in Fig. 10.
We have included spin assignments resulting from
this work and the assignments of other investiga-
tors where we have data which is consistent with
the earlier assignments. No cases are known to
us of earlier assignments in conflict with the pres-
ent results. Table III provides mixing ratios for
the 1440- and 1619-ke'V transitions which are in ex-
cellent agreement with previous determinations'
of them. Branching ratios are included in Fig. 10.
This figure and Tables I and III are a reasonably
complete summary of the results of this, experi-
ment.
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COMPARISON OF LEVELS WITH MODEL
CALCULATIONS

The only detailed calculations which might be
tested by these results are the mixed-configura-
tion calculations of Lips and McEllistrem, ' which
include configurations with only one proton excited
outside the f„,shell. Up to about 2-MeV excita-
tion, the calculations fit rather well; the second

level is in about the right position and the num-
ber of levels below that energy is nearly correct.
Above this energy, however, the model seems to
have large deficiencies which set in rather abrupt-
ly. For example, the separation between —,

' levels
is badly represented and the number of calculated
levels between 2- and 3.5-MeV excitation energy
is only about & of those observed. With such de-
ficiencies above 2-MeV excitation, it is interesting
to note that not only are the lower levels correctly
positioned by the model, but M1, E2 mixing ratios
for their decay and recently measured nuclear
lifetimes in "Mn are quite well represented. '

CONCLUSIONS AND SUMMARY

The study of the 5sCr(p, n)SSMn and "Cr(p, ny)-
"Mn reactions has given a considerable amount of
new information about the level and decay schemes
of "Mn. Excitation energies of 21 excited states
were measured, most of- them resulting from mea-
surements of neutron and y-ray energies. Results
of the two types of measurements agreed to within
1 or 2 keV; and uncertainties of +2 keV are at-
tached to the excitation-energy determinations.

Two groups of close-lying levels have been re-
solved in the neutron spectra, a triplet at 2669,
2685, and 2705 keV and a doublet at 3095 and 3124
keV. These separations illustrate the resolution
capability in neutron spectra using this technique.

The WHF statistical-model formalism has pro-
vided a good representation of the measurements
for proton energies near or above 5 MeV. Away
from analog resonances the neutron angular dis-
tributions and absolute (p, n) cross sections agree
well with predictions of the model. For the cal-
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culations, the Rosen global-fit potentials were
used without parameter adjustment or other mod-
ification. The y-ray angular distributions are
consistent with predictions of the formalism over
a wide range of proton energies, but these are
quite insensitive to details of the reaction mecha-
nism. The success of the formalism and the avail-
ability of both neutron and y-ray angular distribu-
tions permitted firm spin assignments to a few
levels and probable assignment to others, as in-
dicated: 2272 keV, & or &, 2405 keV, &, 2571
keV, (-,'); 2685 keV, ~7, 2949 keV, &., 3004 keV,
(~",T ); 3199 keV»'-T~, and 3248 keV, (-,').

Mixed-configuration shell-model calculations in-
cluding only proton excita6ons and allowing only
one proton excited out of the f», shell represent

level energies and electromagnetic transition
rates very well below about 2-MeV excitation, but
the success of the model deteriorates rapidly
above that energy.

ACKNOWLEDGMENTS

The authors are indebted to Dr. Thomas B.
Grandy, now of Windsor University, Ontario, for
his contributions and advice in optimizing the
time resolution of the neutron-detection system
and the (p, n) measurements and their analysis.
We wish also to thank J, J. Egan, M. R. Mc-
I'herson, and other members of the Nuclear Struc-
ture Laboratory staff for their assistance in tak-
ing the data. The aid of the University of Kentucky
Computing Center is acknowledged.

*Work supported in part by the National Science Founda-
tion.

)Present address: Shawnee College, Ullin, Illinois
62992.

~J. D. McCuHen, B. F. Bayman, and E. Kashy, Phys.
Rev. 134, B513 (1964).

2K. Lips and M. T. McEllistrem, Phys. Rev. C 1, 1009
(1970).

3D. D. Armstrong and A. G. Blair, Phys. Rev. 140,
B1226 (1965).

4B. J. O' Brien, W. E. Dorenbusch, T. A. Belote, and
J. Rapaport, Nucl. Phys. A104, 609 (1967).

~B. Cujec and I. Szoghy, Phys. Rev. 179, 1060 {1969).
S. E. Arnell and S. Sterner, Phys. Letters 9, 319

(1964).
~P. H. Vuister, Nucl. Phys. 83, 593 (1966); A91, 521

(1967).
M. T. McEllistrem, K. W. Jones, and D. M. Sheppard,

Phys. Rev. C 1, 1409 (1970).
SD. D. Armstrong, A. G. Blair, and H. C. Thomas,

Phys. Rev. 155, 1254 (1967).
E. Newman and J. C. Hiebert, Nucl. Phys. A110, 366

(1968).
~~B. Cujec, R. Dayras, and I. Szoghy, Bull. Am. Phys.

Soc. 13, 723 (1968).
~2A. J. Elwyn, H. H. Landon, S. Oleksa, and G. N.

Glasoe, Phys. Rev. 112, 1200 (1958).
~3G. Brown, S. E. Warren, and R. Middleton, Nucl.

Phys. 77, 365 (1966).
~4S. Tanaka, P. H. Stelson, W. T. Bass, and J. Lin,

Phys. Rev. C 2, 160 (1970).
~~W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).
~6H. J. IQm and R. L. Robinson, Phys. Rev. 162, 1036

(1967).

~76. C. Dutt and F. Gabbard, Phys. Rev. 178, 1770
(1969).

~ J.J. Egan, G. C. Dutt, J. E. Wiest, and F. Gabbed, .

to be published.
9A. O. Hanson and J. L. McIQb'ben, Phys. Rev. 72, 673

(1947).
J.J. Egan, G. C. Dutt, M. McPherson, and F. Gab-

bard, Phys. Rev. C 1, 1767 (1970).
D. E. Velkley, K. C. Chung, A. Mittler, J. D. Bran-

denberger, and M. T. McEllistrem, Phys. Rev. 179,
1090 (1969).

D. A. Gedcke and W. J. McDonald, Nucl. Instr. Meth-
ods 58, 253 (1968).

23C. H. Johnson, C. C. Trail, and A. Galonsky, Phys.
Rev. 136, B1719 (1964).

4J. B. Marion, Rev. Mod. Phys. 38, 660 (1968).
2~J. %. Tepel, Nucl. Instr. Methods 40, 100 (1966).
26W. R. Smith, Oak Ridge National Laboratory Report

No. ORNL-TM-930, 1964 (unpublished); and private com-
munication.

2~L. Rosen, in Nuclear Structure Study mitk Neutrons,
edited by N. de Mevergnies, P. Van Assche, and J. Ver-
vier (North-Holland, Amsterdam, 1966), p. 379.

P. A. Mo]dauer, Nucl. Phys. 47, 65 (1963).
9F. G. Percy, Phys. Rev. 131, 745 (1963).

30F. Percy and B. Buck, Nucl. Phys. 32, 353 (1962).
K. C. Chung, private communication.

~2H. J.Rose and D. M. Brink, Rev. Mod. Phys. 39, 306
(1967).

I. M. Szoghy, B. Cujec, and R. Dayras, private com-
munication; and to be published.
+K. Lips, private communication; and to be published.


